A reconfigurable bandwidth antenna for an impulse radio-UWB (IR/UWB) system design is illustrated in this paper. By adopting a continuously tunable low-pass filter by varactor at the feed of the antenna, the proposed antenna obtains a continuous tunable bandwidth from 1.02 GHz to 2.42 GHz. To ensure the identifiability of transmitted pulses in (IR-UWB) system, the antenna is analyzed in both frequency domain and time domain. The proposed antenna is valid with a system fidelity factor (SFF) above 0.8 while the bandwidth is tuning. The compact size, low cost, and tunable bandwidth with the identifiability of the transmitted pulse makes it suitable for UWB impulse radars to improve the utility ratio of frequency, and dynamic adjustment avoids interference of the IR-UWB in other communication frequency bands.
Introduction
Internet of Things (IoT) technologies have developed rapidly, which integrated a lot of communication technologies into the same environment. Impulse radio-UWB (IR/UWB) technology is suitable for accurate indoor positioning due to its non-attenuating through-wall detection features. IR-UWB is widely studied with low power consumption, high bandwidth, easy compatibility, and low cost. A lot of research has also been carried out for the core IR-UWB antennas [1] [2] [3] . Sun-Woong analyzed a traditional antenna with high gain features for 2D indoor wireless positioning [4] . Mohamed studied the rejection band of a MIMO antenna [5] . In the above research, they are all based on passive antennas without reconfigurable features. While the communication industry has blossomed, the congestion of radio frequencies has become a restrictive factor in the design of antennas [6] . For IR-UWB systems, it is important to take this problem into consideration. Guaranteeing the received pulse identifiability and tunability of the occupied spectrum can not only avoid interference of IR-UWB from other narrowband communications, but also improve the efficient utilization of the spectrum. To deal with such problems, the filtering antenna has become an effective method for this problem [7, 8] . The need for filtering antenna has increased in recent decades with the devolvement of microwave engineering.
According to [9] , it can be observed that a microstrip antenna integrated with band filtering features can effectively reduce the interference at the RF front end. Ding and Khidre proposed a series of methods to realize integration with band selectivity and to add extra structures into the radiation part of the antenna, which unintentionally affected the radiation characteristics [10, 11] . However, integrating the characterized microwave filters at the feed of the antenna will support the well frequency selectivity with little impact on the radiator, which is essential to the design of the RF front end.
Moreover, the IR-UWB transmits and receives narrow pulses (usually <2 ns in time), while occupying a broad frequency spectrum which is usually more than 500 MHz [12, 13] . For IR-UWB, antennas should not only be analyzed in the frequency domain to realize the improvement of spectrum utilization efficiency, but also analyzed in the time domain to ensure the identifiability of the transmitted pulse, which is necessary but rarely considered [14, 15] . In the research of the reconfigurable bandwidth antenna and its applications in the IR-UWB system, the antenna should be studied, in regards to the transfer effect on the transmitted signal, while tuning the bandwidth to avoid interference of IR-UWB with other high-power narrowband signals within the occupied the spectrum of the wide-band transmitted signal, though related research is seldom found.
In this paper, a bandwidth reconfigurable UWB antenna is presented by introducing a low pass filter at the feed of the antenna. Section 2 details the design of the IR-UWB pulse generator and the proposed antenna. Measurements of the proposed reconfigurable antenna are outlined in Section 3. Section 4 concludes the study.
Design of the IR-UWB Pulse Generator and Reconfigurable Antenna

Design of the Pulse Generator
The pulse generator circuit is illustrated in Figure 1 . It consists of two parts; the impulse generator and pulse shape filter. As shown in Figure 1 , the impulse generator consists of an input-matching network, a step recovery diode (SRD), and a short stub (TL1). However, pulse distortion and ringing are inevitable due to the internal resistance of the SRD being much less than 50 Ω. As described in Kamal's paper [16] , the input matching network acts as an RC low-pass filter to allow only the trigger signal at 40 MHz to pass through to the SRD, reducing distortions of the reflected signal from TL1. The details of the components are described in Table 1 . Moreover, the IR-UWB transmits and receives narrow pulses (usually <2 ns in time), while occupying a broad frequency spectrum which is usually more than 500 MHz [12, 13] . For IR-UWB, antennas should not only be analyzed in the frequency domain to realize the improvement of spectrum utilization efficiency, but also analyzed in the time domain to ensure the identifiability of the transmitted pulse, which is necessary but rarely considered [14, 15] . In the research of the reconfigurable bandwidth antenna and its applications in the IR-UWB system, the antenna should be studied, in regards to the transfer effect on the transmitted signal, while tuning the bandwidth to avoid interference of IR-UWB with other high-power narrowband signals within the occupied the spectrum of the wide-band transmitted signal, though related research is seldom found.
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The pulse generator circuit is illustrated in Figure 1 . It consists of two parts; the impulse generator and pulse shape filter. As shown in Figure 1 , the impulse generator consists of an inputmatching network, a step recovery diode (SRD), and a short stub (TL1). However, pulse distortion and ringing are inevitable due to the internal resistance of the SRD being much less than 50 Ω. As described in Kamal's paper [16] , the input matching network acts as an RC low-pass filter to allow only the trigger signal at 40 MHz to pass through to the SRD, reducing distortions of the reflected signal from TL1. The details of the components are described in Table 1 .
Using the reflection of the short-circuited microstrip (TL1), the pulse through the SRD to TL1 reversed the phase and combined with the next pulse in V1, which decreased the width of the pulse and formed a Gaussian pulse [12] . The length of the TL1 decides the pulse width of the Gaussian pulse [17] . Using the reflection of the short-circuited microstrip (TL1), the pulse through the SRD to TL1 reversed the phase and combined with the next pulse in V1, which decreased the width of the pulse and formed a Gaussian pulse [12] . The length of the TL1 decides the pulse width of the Gaussian pulse [17] . After passing through the SRD, a Schottky diode (SD) is used as a half-wave rectifier to reduce ringing caused by high-frequency noise, and to improve the output pulse quality.
Referring to [20] , a shape filter is adopted (as shown in Figure 1 ) to shape the Gaussian pulse into a monocycle by differentiating it in the time domain. The details of the components are described in Table 1 . This pulse shape filter lowers the low-frequency parts from V1 and turns it into a monocycle.
After passing through the pulse shaping filter, the final output of the generator turns out to be a monocycle pulse. As shown in Figure 2 , the measured monocycle pulse has a pulse width of 696 ps and −14.2 dB ringing level. The generated monocycle has ultra-wideband features with a bandwidth of 4 GHz (800 MHz to 4 GHz). So, it can be used and suitable as the transmitted signal in our IR-UWB systems. Figure 1 ).
The Reconfigurable UWB Antenna Design
To transmit the UWB pulses that are generated, a round-shaped monopole antenna is chosen. The layout of the reconfigurable bandwidth antenna is indicated in Figure 3 . It is printed on a 1.6 mm thick FR4 epoxy substrate (dielectric constant εr = 4.3). The outline of the substrate is 80 × 90 mm 2 . The top layer consists of a round-shaped patch as the radiating element, which is excited through a 50 Ω microstrip feeding line. A continuous tuning lowpass filter is integrated at the feeding line to give the antenna filtering features [21] . The length of Lf is 41 mm and the w0 is 3 mm. An asymptotic structure to connect the patch part and the radiations part is adopted to realize a good impedance matching. Detailed values are listed in Table 2 . 
To transmit the UWB pulses that are generated, a round-shaped monopole antenna is chosen. The layout of the reconfigurable bandwidth antenna is indicated in Figure 3 . It is printed on a 1.6 mm thick FR4 epoxy substrate (dielectric constant ε r = 4.3). The outline of the substrate is 80 × 90 mm 2 . The top layer consists of a round-shaped patch as the radiating element, which is excited through a 50 Ω microstrip feeding line. A continuous tuning lowpass filter is integrated at the feeding line to give the antenna filtering features [21] . The length of Lf is 41 mm and the w0 is 3 mm. An asymptotic structure to connect the patch part and the radiations part is adopted to realize a good impedance matching. Detailed values are listed in Table 2 .
(a) Monocycle pulse shape in the time domain ( b) Simulated power spectral density (PSD) Figure 2 . Measured performance of the monocycle pulse of the pulse generator (V2 in Figure 1 ).
To transmit the UWB pulses that are generated, a round-shaped monopole antenna is chosen. The layout of the reconfigurable bandwidth antenna is indicated in Figure 3 . It is printed on a 1.6 mm thick FR4 epoxy substrate (dielectric constant εr = 4.3). The outline of the substrate is 80 × 90 mm 2 . The top layer consists of a round-shaped patch as the radiating element, which is excited through a 50 Ω microstrip feeding line. A continuous tuning lowpass filter is integrated at the feeding line to give the antenna filtering features [21] . The length of Lf is 41 mm and the w0 is 3 mm. An asymptotic structure to connect the patch part and the radiations part is adopted to realize a good impedance matching. Detailed values are listed in Table 2 . According to [21] , two new types of reconfigurable filter topologies are used in this design to obtain tunable performance. The equivalent circuit diagram is illustrated in Figure 4b . The adopted low pass filter can realize a wider tuning range while only two capacitances, Cg1 and Cp1 are used in this design, which can simplify the design of the bias circuit. Consequently, a tunable low band-pass response under the tuning of Cg1 and Cp1 is shown in Figure 5 . According to [21] , two new types of reconfigurable filter topologies are used in this design to obtain tunable performance. The equivalent circuit diagram is illustrated in Figure 4b . The adopted low pass filter can realize a wider tuning range while only two capacitances, Cg1 and Cp1 are used in this design, which can simplify the design of the bias circuit. Consequently, a tunable low band-pass response under the tuning of Cg1 and Cp1 is shown in Figure 5 . As shown in Figure 3 and Figure 4 , the proposed reconfigurable bandwidth antenna was designed to integrate the tunable low pass filter with the UWB antenna. As shown in Figure 4a , only two direct current (DC) bias (V1 and V2 in Figure 4 ) are used for the tunable varactor, which is easy to control. The varactor diodes are placed at a suitable position on each end of the resonator. Frequency reconfiguration is implemented by the tunable bias voltage of V1 and V2. Using the tuning low pass filter, the filtering capability is obtained. In order to characterize the continuous tunable bandwidth features, the tunable region of the operating band is divided into four parts with about 500 MHz intervals. As shown in Table 3 , the ideal capacitance of Cv1 and Cv2 are listed for different operating modes. As shown in Figure 5 , from 3.3 GHz to 1.65 GHz the adopted tunable low pass filter provides a continuously tunable cutoff frequency response, while fine stopband features are obtained. (a) Simulated return loss (S11) of the adopted low pass filter (b) Simulated transfer coefficient (S21) of the adopted low pass filter Silicon abrupt junction diodes SMV2019-040LF (SKYWORKS, Woburn, Massachusetts, USA) are adopted for Cv1 and Cv2 as tunable capacitors (see Figure 4) , with Q = 500 for VR = 4 V at = 50 MHz [22] . Bypass capacitors (100 pF) and isolation resistance (100 K) are used to reduce the mutual interference between the bias network and RF routing. According to Table 3 , the bias of V1 and V2 is As shown in Figures 3 and 4 , the proposed reconfigurable bandwidth antenna was designed to integrate the tunable low pass filter with the UWB antenna. As shown in Figure 4a , only two direct current (DC) bias (V1 and V2 in Figure 4 ) are used for the tunable varactor, which is easy to control. The varactor diodes are placed at a suitable position on each end of the resonator. Frequency reconfiguration is implemented by the tunable bias voltage of V1 and V2. Using the tuning low pass filter, the filtering capability is obtained. In order to characterize the continuous tunable bandwidth features, the tunable region of the operating band is divided into four parts with about 500 MHz intervals. As shown in Table 3 , the ideal capacitance of Cv1 and Cv2 are listed for different operating modes. As shown in Figure 5 , from 3.3 GHz to 1.65 GHz the adopted tunable low pass filter provides a continuously tunable cutoff frequency response, while fine stopband features are obtained. Silicon abrupt junction diodes SMV2019-040LF (SKYWORKS, Woburn, Massachusetts, USA) are adopted for Cv1 and Cv2 as tunable capacitors (see Figure 4) , with Q = 500 for VR = 4 V at = 50 MHz [22] . Bypass capacitors (100 pF) and isolation resistance (100 K) are used to reduce the mutual interference between the bias network and RF routing. According to Table 3 , the bias of V1 and V2 is tuning. The return losses for each mode are plotted in Figure 6 , and a continuous bandwidth tuning capability from 2.5 GHz to 1.1 GHz is achieved. Additionally, it can be concluded that the proposed antenna maintains good impedance matching due to the similar frequency response between the proposed antenna and the adopted low pass filter. 
Results and Discussion
Fabrication and Measurement of the Proposed Reconfigurable Bandwidth Antenna
As shown in Figure 7 , the proposed reconfigurable bandwidth antenna was fabricated. Compared to the simulated results in Figure 6 , the measured S11 shown in Figure 8 obtains a similar result. The proposed antenna performs a continuous tunable bandwidth with the changing of bias voltage on Cv1 and Cv2. The comparison between the simulated and measured bandwidth is shown 
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Fabrication and Measurement of the Proposed Reconfigurable Bandwidth Antenna
As shown in Figure 7 , the proposed reconfigurable bandwidth antenna was fabricated. Compared to the simulated results in Figure 6 , the measured S11 shown in Figure 8 obtains a similar result. The proposed antenna performs a continuous tunable bandwidth with the changing of bias voltage on Cv1 and Cv2. The comparison between the simulated and measured bandwidth is shown in Table 4 . Table 4 shows that the measured results of the proposed antenna correspond well at each mode. The error is mainly due to manufacturing and SMA connector issues. Different radiation patterns for each mode at 1.5 GHz were measured. The simulated and measured normalized radiation patterns are plotted in Figure 9 . The proposed antenna obtains a similar radiation pattern at each mode. The radiation patterns in E-plane are nearly omnidirectional for each mode and consistent with simulation results. Since the frequency reconfiguration is realized at the feeding line with little affection of the radiation part, similar radiation patterns are obtained. Different radiation patterns for each mode at 1.5 GHz were measured. The simulated and measured normalized radiation patterns are plotted in Figure 9 . The proposed antenna obtains a similar radiation pattern at each mode. The radiation patterns in E-plane are nearly omnidirectional for each mode and consistent with simulation results. Since the frequency reconfiguration is realized at the feeding line with little affection of the radiation part, similar radiation patterns are obtained.
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Bias Voltage Bandwidth V1(V) V2(V) Simulated (GHz) Measured (GHz) Mode Different radiation patterns for each mode at 1.5 GHz were measured. The simulated and measured normalized radiation patterns are plotted in Figure 9 . The proposed antenna obtains a similar radiation pattern at each mode. The radiation patterns in E-plane are nearly omnidirectional for each mode and consistent with simulation results. Since the frequency reconfiguration is realized at the feeding line with little affection of the radiation part, similar radiation patterns are obtained. Furthermore, the measured gains for the four operating modes of the proposed reconfigurable bandwidth antenna are plotted in Figure 10 . From this figure, it can be illustrated that the gains vary from the operating modes when the bandwidth of the antenna is tuned. In the operating band, the antenna obtains a relatively constant realized gain, which is essential for UWB pulse transmitting. Furthermore, the measured gains for the four operating modes of the proposed reconfigurable bandwidth antenna are plotted in Figure 10 . From this figure, it can be illustrated that the gains vary Electronics 2020, 9, 163 9 of 13 from the operating modes when the bandwidth of the antenna is tuned. In the operating band, the antenna obtains a relatively constant realized gain, which is essential for UWB pulse transmitting.
(a) E-plane
(b) H-plane Furthermore, the measured gains for the four operating modes of the proposed reconfigurable bandwidth antenna are plotted in Figure 10 . From this figure, it can be illustrated that the gains vary from the operating modes when the bandwidth of the antenna is tuned. In the operating band, the antenna obtains a relatively constant realized gain, which is essential for UWB pulse transmitting. 
Time Domain Performance
As shown in Figure 11 , the antenna is placed in a face-to-face position inside an anechoic chamber. The measured S21 and group delay are shown as follows. 
As shown in Figure 11 , the antenna is placed in a face-to-face position inside an anechoic chamber. The measured S 21 and group delay are shown as follows. It can be concluded from Figure 12 that the proposed antenna indeed obtains a tunable upper cut-off band from 2.1 GHz to 3.5 GHz, and the measured S21 shows similar characteristics compared to the measured S11. It can be observed that in the passband the S21 curve is relatively flat and almost consistent at each mode. What is more, in the stopband, the S21 curve sharply decreases below the passband values. It can be concluded from Figure 12 that the proposed antenna indeed obtains a tunable upper cut-off band from 2.1 GHz to 3.5 GHz, and the measured S 21 shows similar characteristics compared to the measured S 11 . It can be observed that in the passband the S 21 curve is relatively flat and almost consistent at each mode. What is more, in the stopband, the S 21 curve sharply decreases below the passband values.
cut-off band from 2.1 GHz to 3.5 GHz, and the measured S21 shows similar characteristics compared to the measured S11. It can be observed that in the passband the S21 curve is relatively flat and almost consistent at each mode. What is more, in the stopband, the S21 curve sharply decreases below the passband values. The group delay versus frequency characteristics for each mode is depicted in Figure 13 . For the proposed filtering antenna, the group delay is almost linear in the passband for each mode. However, with the tunable passband, a group delay occurs in the fluctuation in the stop band. The group delay curves obtained a similar performance compared to the S21. The group delay versus frequency characteristics for each mode is depicted in Figure 13 . For the proposed filtering antenna, the group delay is almost linear in the passband for each mode. However, with the tunable passband, a group delay occurs in the fluctuation in the stop band. The group delay curves obtained a similar performance compared to the S 21 . To characterize the recognition ability of the proposed antenna for the adopted pulse, the system fidelity factor (SFF) is used to describe this feature. The method is described in detail by Deng [23] , the process is described as follows. First, the calculated received signal S21 was measured using the experimental setup, as shown in Figure 11 . Then, the received signal was calculated by the generated pulse and the measured S21 through the Fourier transform. As shown in Figure 14 , the calculated pulse shapes are obtained through measurement. Then, the SFF is calculated by the correlation between the measured transmitted and received pulse. To characterize the recognition ability of the proposed antenna for the adopted pulse, the system fidelity factor (SFF) is used to describe this feature. The method is described in detail by Deng [23] , the process is described as follows. First, the calculated received signal S 21 was measured using the experimental setup, as shown in Figure 11 . Then, the received signal was calculated by the generated pulse and the measured S 21 through the Fourier transform. As shown in Figure 14 , the calculated pulse shapes are obtained through measurement. Then, the SFF is calculated by the correlation between the measured transmitted and received pulse.
fidelity factor (SFF) is used to describe this feature. The method is described in detail by Deng [23] , the process is described as follows. First, the calculated received signal S21 was measured using the experimental setup, as shown in Figure 11 . Then, the received signal was calculated by the generated pulse and the measured S21 through the Fourier transform. As shown in Figure 14 , the calculated pulse shapes are obtained through measurement. Then, the SFF is calculated by the correlation between the measured transmitted and received pulse. An SFF above 0.8 indicates that the received signal can be completely identified [24] . As illustrated in Table 5 , it can be clearly seen that in Mode 1~4, the received pulse can be completely identified since the SFF is greater than 0.8. The whole modes are valid for the signal transmitted and received. An SFF above 0.8 indicates that the received signal can be completely identified [24] . As illustrated in Table 5 , it can be clearly seen that in Mode 1~4, the received pulse can be completely identified since the SFF is greater than 0.8. The whole modes are valid for the signal transmitted and received. Table 6 compares the proposed reconfigurable bandwidth antenna with other antenna according to the reference. The novelty of the proposed antenna lies in its reconfigurable design of the antenna in IR-UWB system. Compared to reference [8] and [25] , this antenna design based on the adopted pulse of the IR-UWB system. With the specific application of IR-UWB, the reconfigurable antenna is studied to obtain a tunable bandwidth to take full use of the spectrum compared to the passive antenna used in reference [4] and [5] . It is noteworthy that the proposed antenna has expanded bandwidth reconfiguration, with the identification of transmitted pulse. The reconfigurable bandwidth antenna can avoid interference of the IR-UWB into other communication frequency bands without size extension. 
Conclusions
In this paper, a novel reconfigurable bandwidth antenna for IR/UWB applications was proposed to avoid interference with other narrowband communications within the IR/UWB spectrum (2) (3) .
A low cost and compact pulse generator was proposed and fabricated, by using the low-pass filter and pulse shape filter, a narrow pulse of 696 ps width, and a fractional bandwidth of 133% which is suitable for the IR-UWB system.
The proposed antenna used varactor diodes to obtain a reconfigurable bandwidth. The simulated and measured results verified this conclusion. The proposed antenna obtains a continuous tunable bandwidth from 1.02 GHz to 2.42 GHz, with an identical recognition of the transmitted signal in our IR-UWB system. The proposed filtering antenna can not only avoid interference of IR-UWB from other narrowband communications (2.05-3.5 GHz), but also improve the efficient utilization of the spectrum. These features enable the proposed reconfigurable bandwidth antenna to be widely used where there are many other high-power narrowband interference communications in IR-UWB systems.
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